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ABSTRACT
The conventional method using "Low Energy Theorems" derived by Chanowitz et al. 
[3]  does  not  seem  to  lead  to  explicit  unitarity  limit  in  the  scattering  processes  of 
longitudinally polarized gauge bosons for the high energy case in the extra )1(U  superstring 
inspired models,  commonly known as  η model, emanating from  6E  group of superstring 
theory. We have made use of an alternative procedure given by Durand & Lopez [14], which 
is  applicable  to  supersymmetric  grand  unified  Theories.  Explicit  unitarity  bound  on  the 
superpotential  couplings  (identified  as  Yukawa  couplings)  are  obtained  from both  using 
unitarity  constraints  as  well  as  using  RGE  analysis  at  one  loop  level  utilizing  critical 
couplings concept implying divergence of scalar coupling at  GM .  These are found to be 
consistent with finiteness over the entire range  GZ MsM ≤≤  i.e. from grand unification 
scale to weak scale. For completeness the similar approach has been made use of in other 
models i.e. -  χ,ψ,  and  ν models emanating from 6E  and  it has been noticed that at weak 
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scale, the unitarity bounds on Yukawa couplings do not differ among 6E  extra )1(U  models 
significantly except for the case of χ model in 16 representations. 
For the case of 6E -η model )64.9( ≅Eβ , the analysis using the unitarity constraints 
leads  to  the  following  bounds  on  various  parameters:  294.1)(.max =Zt Mλ , 
278.1)(.max =Zb Mλ ,  955.0)(.max =ZH Mλ ,  312.1)(.max =ZD Mλ .  The  analytical  analysis  of 
RGEs at one loop level provides following critical bounds on superpotential couplings i.e. 
295.1, ≅ctλ ,  279.1, ≅cbλ ,  968.0, ≅cHλ ,  315.1, ≅cDλ .  Thus  superpotential  coupling  values 
obtained  by both  the approaches  are  in  good agreement.  Theoretically  we have  obtained 
bounds on physical mass parameters using the unitarity constrained superpotential couplings. 
The bounds are as follows: (i) Absolute upper bound on top quark mass GeVmt 225≤ , (ii) 
the upper bounds on the lightest neutral Higgs mass at the tree level is GeVm treeH 16902 ≤ , and 
after the inclusion of one loop radiative correction it is  GeVmH 22902 ≤  when  bt λλ ≠  at 
GUT scale.  On the other hand, these are  GeVm treeH 15902 ≤ ,  GeVmH 22202 ≤ ,  respectively, 
when  bt λλ =  at  GUT scale.  A plausible  range  for  D-quark  mass  as  a  function  2ZM  is 
)3( TeVOmD ≈  for  )1(2 TeVOmZ ≈  for the favored values of  1tan ≤β .  The bounds on 
aforesaid physical parameters in the case of χ,ψ, and ν models in the 27 representations are 
almost identical with those of η model and are consistent with the present day experimental 
precision measurements
PACs INDEX No: 12.10.Dm, 12.10.-g, 12.60.-i
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I. INTRODUCTION
The  past  two  decades  have  witnessed  a  good  deal  of  activity  in  the  field  of 
electroweak  symmetry  breaking  (EWSB)  mechanism  [1]  and  the  unitarity  bound  [2,3]. 
Although (2) (1)L YSU U×  gauge symmetry of electroweak interactions is very successful till 
date, yet we know nothing about the mechanism that breaks this symmetry and makes W and 
Z massive. In particular, we are not yet aware whether the physics of electroweak symmetry 
breaking is weakly or strongly interacting.  For the weakly interacting symmetry breaking 
sector, there are models with elementary Higgs boson [4] which are much lighter than 1 TeV. 
These also include supersymmetric models in which the scale of supersymmetry breaking is 
of the order of 100 GeV. For the strongly interacting symmetry breaking sector, these models 
allow minimum Higgs [4] mass to be greater than 1 TeV. Furthermore, Technicolor models 
[5] with technihadron spectrum of the order of 1  TeV or above involve breaking through 
dynamical symmetry breaking mechanism. Due to lack of experimental confirmation, it is yet 
not possible to arrive at a unique acceptable framework for EWSB. However, it is known that 
the vacuum expectation value of whatever that breaks the electroweak symmetry is fixed by 
the Fermi scale [6] through the relation
( ) GeVGF 1748 210 ≅= −υ . (1)
It is also known [3] that the typical mass scale of the symmetry breaking sector ( SBM ) and 
the strength of the interaction ( SBλ ) are correlated such that for 
0
1SBM
υ
≤ , SBλ  is expected to 
be very small and may be amenable to perturbative analysis. On the other hand, for 
0
1SBM
υ
≥ , 
SBλ  will be very large and the symmetry breaking interaction is expected to be strong. Its 
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analysis would require nonperturbative methods. A useful method for dealing with the latter 
case is the use of low energy theorems [7], which are useful in the study of scattering of 
strongly  interacting  longitudinally,  polarized  W  and  Z  bosons  [3].  These  are  derived 
following an analogy of investigating  0 0pi pi pi pi+ − →  scattering and other similar scattering 
processes first used by Weinberg [7]. The scattering amplitudes at low energy are completely 
determined by Eq. (1) along with knowledge of ρ  parameter defined by
2
cos 



=
θ
ρ
Z
W
M
M
(2)
where experimentally  ρ =1, within a few percent.  This implies  the low energy scattering 
amplitudes for all experimentally viable models of the symmetry breaking sector will have 
universal  values with the mass spectra fully at  1  TeV or  above.  If the spectrum contains 
bosons lighter that 1 TeV, the low energy amplitudes will need modifications.
Chanowitz  et  al.  [3]  derived  the  following  low-energy  theorems  for  the  case  of 
longitudinally  polarized  gauge  bosons  scattering  amplitudes  for  the  energy  range 
W SBM s< < < < Λ , in the standard model (SM), where
{ }04,min pi υSBSB M=Λ . (3)
The theorems are expressed as:
( ) 2
0
2
2
4 υ
s
M
sgZZWWM
W
LLLL =≈→
−+ , (4)
( ) 2
0
2
2
4 υ
u
M
ugZZWWM
W
LLLL −=−≈→
−+ , (5)
( ) 0≈→−+ LLLL ZZWWM , (6)
( ) 2
0
2
2
4 υ
t
M
tgZZWWM
W
LLLL =≈→
−+ , (7)
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( ) ( ) 2
0
2
2
4 υ
s
M
sgWWWWMWWWWM
W
LLLLLLLL =≈→≈→
−−−−++++ , (8)
where  1 02WM gυ= , and  s,  u,  t are Mandelstam variables. For establishing these theorems 
three different approaches have been used [3]: (i) a power counting analysis carried out in the 
unitarity (U) gauge, (ii) a current algebra derivation in the Landau gauge along with the use 
of equivalence theorem, and (iii) the effective chiral lagrangian method utilizing unitarity or 
renormalization gauges.
In the discussion of low energy theorems and unitarity using perturbative analysis the 
main argument consists in dividing the U-gauge scattering amplitude into a gauge sector term 
( gaugeM )  and  a  symmetry  breaking  term ( SBM ).  The  first  term has  a  “bad”  high-energy 
behavior but it is cancelled by the second term. However, for the low energy case the second 
term becomes negligible if all the exchange quanta from the SB sector are heavy. Then the 
left  over  gaugeM  term  are  only  relevant  amplitudes,  which  are  expressed  as  low energy 
theorems.
For  example,  in  the  minimal  Higgs  model  of  SM,  consider  the  scattering 
L L L LW W Z Z
+ − → ,  for the case  2Ws M> >  [2,8], with the strong coupling  
0
2
02
H
M
λ
υ
= ,  the tree 
level amplitude in unitary gauge, for the scattering LLLL ZZWW →
−+ , can be decomposed as:
( )L L L L gauge SBM W W Z Z M M
+ − → = + , (9)
where the Feynman diagrams contributing to gaugeM  and SBM  are shown by Fig. 1 and Fig. 2 
respectively. The gaugeM  amplitude is a universal function of WM  and ρ , independent of the 
symmetry-breaking sector,
5
( )
ρυρ 202
2 1
4
s
M
sgZZWWM
W
LLLL =≈→
−+ . (10)
On the other hand, the  SBM  part will have only s- channel Higgs exchange contribution in 
SM (Fig. 2), and therefore, for the case 2WMs > > , this is given by [2,8]
( )
)(4 22
2
0HW
LLLLSB Ms
s
M
sgZZWWM
−
−=→−+ . (11)
For the high energy case with 2 0HMs > > and with 1=ρ  at the tree level, the two contribution 
give,
0=+ SBgauge MM , (12)
thus ensuring renormalizability of the theory. On the other hand, for the low energy region 
with  2 0HMs < < ,  the  symmetry  breaking  amplitude  is  negligible,  i.e.  0≈SBM ,  and  the 
scattering amplitude is dominated by gaugeM  alone.
In previous  years,  we have been  exploring  the extra  )1(U  superstring  inspired  η  
model emanating from 6E  group as a viable model for doing physics beyond SM [9-12]. This 
model gives reasonable negative values of S, T, U parameters [12]. It is in good agreement 
with SLD collaborations data on the measured of left-right symmetry parameter  LRA  [13]. 
The top quark mass measurements can also be accommodated in this model [9-12]. In the 
present paper we re-examined the low energy theorems and the unitarity bounds in the four 
well known extra )1(U  superstring inspired 6E  - χ , ψ , η  and ν  modelsa. The presence of 
additional  couplings  )2,1( =± iZHW i
  available  in  these  models  add  u-  channel  and  t- 
a Here after, we will refer these models as extra U(1) models.
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channel amplitude contributions to s- channel amplitude. We examine the impact, of these 
additional contributions (Fig. 3), on the low energy theorems and unitarity bounds.
The plan of the paper is as follows: In Sec. II, we evaluate the scattering amplitude for 
the processes LLLL ZZWW 11→
−+ ,  LLLL ZZWW 22→
−+ ,  LLLL ZZWW 21→
−+ , and iLiLiLiL ZWZW
±± →  
(i = 1,2) in the extra )1(U  models. We examine the behavior of the amplitudes both at low 
and at high energy. At low energy, the theorems for the gauge boson scattering amplitudes 
remain valid but the high-energy amplitudes do not seem to satisfy the relation given Eq. (12) 
consistently with the requirement  of present day high energy phenomenology.  In Sec.  III 
summarizing the methodology, we evaluate the coupled channels scattering matrix for two 
gauge bosons scattering processes involving scalar particles in the extra )1(U  models. In Sec. 
IV,  we  present  our  analysis  and  obtain  unitarity  imposed  constraints  on  quartic  scalar 
couplings. The bounds on low-energy parameters are obtained by evolving the relevant RGEs 
for scalar superpotential couplings and gauge couplings. The results of this analysis are used 
in  Sec.  V for  obtaining  various  theoretical  constraints  on  physical  masses  of  top  quark, 
lightest Higgs, D-quark and βtan  in the extra )1(U  models. Finally, in Sec. VI, we mention 
limitations of our calculations and contrast our results with those of the corresponding ones 
from flipped )1()5( USU ×  given in Ref. [14].
 
II.  LOW – ENERGY THEOREMS IN THE EXTRA U(1) MODELS
Before we take up the actual calculations for this case, we first briefly give an outline 
of  the  extra  )1(U  models  emanating  from  6E  group in  superstring  theory.  Our focus  is 
primarily  on  the  models  having  gauge  symmetry  )1()1()2()3( ′××× UUSUSU YLC  as  a 
subgroup of 6E  of rank 5. Here the )1( ′U  represents the νηψχ ,,,)1(U  models. It is well known 
7
[15-18] that the breakdown of 6E  may give rise to the effective low energy groups of rank-6 
or of rank-5.
"5")1()1()1()2()3(
"6")1()1()1()2()3(
"6")1()1()5(
"6")1()10(6
−
′×××→
−××××→
−××→
−×→
rankUorUUSUSU
rankUUUSUSU
rankUUSU
rankUSOE
YLC
YLC
η
ψχ
ψχ
χ
In the group rank 5, the additional extra )1(U  may signal the presence of extra neutral gauge 
boson denoted by Z ′ in the theory.  If there is only one extra  Z  at low energy then this  Z ′  
can be parameterized as a linear combinations of χZ  and ψZ  [16, 17], i.e.
66
sincos)( EEE ZZZZ θθ ψχ +=′ , (13)
where 6Eθ  is a free parameter having the range 22 6
pipi θ ≤≤− E . The specific choice of =6Eθ 0, 
2
pi
,  )3/5(tan 1 −−  and  )15(tan 1−  corresponds to  χZ ,  ψZ ,  ηZ  and  νZ  respectively.  The 
four representative  extra   Z  boson models  are the ones most  frequently analyzed  in  the 
literature, e.g., in Refs. [16,17,19] as being the canonical models which might arise in the low 
energy superstring motivated  models.  In general,  as  the Higgs field  have non-zero  )1( ′U  
charge, there would be mixing between the two neutral gauge bosons Z  and Z ′ . As such, the 
mass eigen states 1Z , 2Z  are related to Z  and Z ′ through the relations
EE ZZZ θθ sincos1 ′+= , (14)
EE ZZZ θθ cossin2 ′+−= , (15)
where Eθ  is the mixing angle. It is expected to be very small by the LEP and SLD Z- pole 
data and by other constraints [19-21].
8
Holdom [22] had shown that a theory which has two or more )1(U  gauge factors can 
have non-diagonal wave function in the space of )1(U  gauge fields. This implies that charges 
which are integral multiples at one scale need not be integral multiple at another scale, and 
their electromagnetic charges can be shifted by some amount ε . Thus in a theory with two 
)1(U  factors  a  term in the lagrangian  can appear  consistently  with all  gauge symmetries 
which mixes two )1(U 's [18,23,24]. The pure gauge interaction Lagrangian for any arbitrary 
two aU )1(  and bU )1(  group thus becomes,
Ł = µ ν
µ ν
µ ν
µ ν
µ ν
µ ν χ
babbaa FFFFFF 2
sin
4
1
4
1
−−− , (16)
which is common to all abelian and non-abelian gauge extensions. For non-abelian case, the 
kinetic mixing term 0=χ , since µ νbF  is not gauge invariant. The kinetic mixing term with 
mixing determined by χ  appears at some level in almost all GUT or string models due to the 
incomplete GUT matter representation at low energy scale, i.e., when 0≠∑ ib
fieldschiral
i
aQQ , then a 
non-zero χ  will be generated at one loop level [18,23]. Therefore under such circumstances 
the relations for 2,1Z  mass eigen states get modified as [18,23] under:
( ) ( ) 2212 tansincossintansinsincos ZZZ WEEWEE χθθθχθθθ −−+= , (17)
( ) χθθ coscossin 21 ZZZ EE +=′ . (18)
If the new )1( ′U  results from Wilson-loop breaking mechanism directly to the rank 5 
subgroup in string context, then new )1( ′U  is indeed η)1(U   model, which has been of our 
primary interest [9-12]. Our main emphasis has been to establish its viability as one of the 
suitable models for doing physics beyond SM, when such a need arises. However, as stated 
9
earlier, that all the extra )1(U  models are mutually related through the mixing angle 6Eθ . As 
such our interest encompasses all the four models.
Apart from having an extra Z ′ , these models have the following Higgs structure for 
each generations of fermions in analogy with that for the η model [9,25]b:
 



+
+
=



=
+
43
21
0 2
1
φφ
φφ
i
i
H
H
H , 



+
+
=



=
−
43
21
0
2
1
φφ
φφ
i
i
H
H
H
and )(
2
1
21 ssN φφ += (19)
The VEVs are defined as [9]
υ=00 H , υ=00 H , xN =00 . (20)
The gauge symmetry breaking is accomplished by the evolution of renormalization group of 
masses  [15,25,26].  It  is  assumed  that  the  third  generation  of  fermions  acquires  masses 
through spontaneous symmetry breaking [27,28]. After symmetry breaking, one is left with 
three neutral Higgs, two oppositely charged Higgs and a neutral  pseudoscalar Higgs. The 
mass eigen states of neutral Higgs are denoted by 01H , 
0
2H , 
0
3H  and those of charged Higgs 
by −H , +H . 0ρ  denotes the mass eigen state of pseudoscalar Higgs. 
However, we wish to point out that in calculating the unitarity constraints using low 
energy  theorems  for  the  processes,  namely,  LLLL ZZWW 11→
−+ ,  LLLL ZZWW 22→
−+ , 
LLLL ZZWW 21→
−+  and iLLiLL ZWZW
±± →  (i =1,2), the various couplings reported in [9,29] get 
slightly modified with the inclusion of gauge kinetic mixing term etc. These are given in the 
b It  may be emphasized that when the compactifications of the  88 EE ′×  group of superstring take place on a 
Calabi-Yau manifold then the resulting group can be broken directly to the group of rank 5 without having an 
intervening group of rank 6. As such there is no necessity of having two singlet Higgs fields. This aspects has 
been discussed at length by Ellis et al. in Ref. [25] (article 3.2, pp.28-32). We have made use of the same in 
writing Eq. (19).
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Appendix.  We  have  used  these  modified  couplings  to  calculate  amplitudes  for  various 
processes as shown below. 
A. The process LLLL ZZWW 11→
+−
The Feynman diagrams contributing to gaugeM  part of this process are similar to those 
given in Fig. 1 and thus giving for the gaugeM  amplitude an expression similar to Eq. (10),
ρ ′
=→+−
1
4
)( 2
2
11
W
LLLLgauge M
sgZZWWM . (21)
Here  Mρδρ +=′ 1 ,  with  the  extra  contributions  [30]  E
Z
Z
M M
M
θδ ρ sin12
2
1
2 



−= .  It  is  the 
modification that comes in extra )1(U  models. The value of Mρδ  is expected to be negligible 
due to stringent constrains on the value of  Eθ  [19-21].
For the symmetry breaking part SBM , apart from the s- channel diagram there are two 
additional diagrams (similar to Fig. 2 with 0SMH  replaced by 
0
3H  and modified couplings) in 
the t- and u- channels. These occur because of the additional presence of iW H Z
± m  vertices 
exclusive to those models. The expressions for various amplitudes are given below with the 
generalized coefficients 21A  and 
2
1B  for 6E  extra )1(U  models: 
( ) ( ) 2122
2
11
0
3
4
A
Ms
s
M
sgZZWWiM
HW
LLLL
s
SB
−
−=→+− , (22)
( ) ( ) 2122
2
11 4
B
Mt
t
M
sgZZWWiM
HW
LLLL
t
SB
−
−
−=→+− , (23)
( ) ( ) 2122
2
11 4
B
Mu
u
M
sgZZWWiM
HW
LLLL
u
SB
−
−
−=→+− , (24)
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with
( ),sincossecsin
18
25
secsin
9
16sectansin
3
8
2sin
3
4tan2sintansincossin
2
1
secsin
9
1sectansin
3
2
sec2sin
3
tan2sintansincoscos
2
1
231333
22
23
222
1
2
1
1
222
13
222
1
2
1
1
2222
1
UUUxx
UCxxC
Cxxx
UCxxCx
C
x
xxA
EW
EWWE
EWWEWEE
EWWEW
E
W
WEWEE
ββχθ
υ
χθχχθ
θχθχθθβ
χθχχθ
χθχθχθθβ
+

+

+


−−++
+

+





++++=
 (25a)




=
−
2
2
2
2
22
1
2
1
0
3
cos
sin2sin
36
25
H
HE
W M
M
xCB
χ
θβ , (25b)
where
tan υβ
υ
= , WWx θ2sin= , 66 cossin1 EEC θθ +=         (25c)






−=
xg
U
W
H υ
θ
λ
5
1
tan25
36
22
2
13 ,          (25d)






−=
xg
U
W
H υ
θ
λ
5
4
tan25
36
22
2
23 ,          (25e)
133 =U .          (25f)
For the low energy case with 2 0
3H
Ms < <  and 2, ±< < HMtu
0≈++ uSB
t
SB
s
SB MMM , (26)
and we are left with only
( ) ,1
4 20
2
0
2
2
11 υρυρ
ss
M
sgZZWWM
W
LLLLgauge ≅
′
=
′
=→+− (27)
with 2220 υυυ +=  and 1≈′ρ , which gives the low energy theorems for this amplitude. On 
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the  other  hand,  for  high  energy  case  with  2 0
3H
Ms > >  and  2, ±> > HMtu ,  the  sum of  the 
amplitudes,  uSB
t
SB
s
SBgauge MMMM +++  can vanish as required by unitarity, if the following 
conditions is satisfied:
12 21
2
1 =+ BA . (28)
Since  21A  and  
2
1B  involve many parameters, such as angles  Eθ ,  β ,  χ  and  6Eθ , vacuum 
expectation  values  υυ ,,x  and  masses  of  Higgs  bosons,  it  is  not  obvious  to  derive  a 
transparent constraint from Eq. (28). However, for negligible value of 0≈Eθ , υυ ,> >x and 
0
3HH
MM < <±  (neglecting gauge kinetic mixing effect) one gets the constraint
WLH
xg θ
υ
λ tan2
6
5 2
1
0




> .  (29)
In order to keep  Hλ  in  the perturbative  region [15,29] i.e.  14
2
<
pi
λ H ,  the above constraint 
requires, GeVx 24682<  for 231.0sin 2 ≅Wθ  and remains unaltered for different 6E  extra 
)1(U  models. This requirement can be satisfied by all reasonable GUTs. As no lower limit on 
x seems to exist there is no possibility to estimate  (min)Hλ  from Eqs. (29). Therefore, low 
energy theorems are seen to be satisfied both for low as well as for the high energy case for 
this process.
B. The process LLLL ZZWW 22→
+−
Proceedings  in  a  manner  similar  to  that  used  for  the  process  LLLL ZZWW 11→
+− ,  we 
obtain expressions for different amplitudes. The expressions are similar to those obtained for 
the process LLLL ZZWW 11→
+−  except for slight changes in the couplings and coefficients  22A  
13
and 22B  for the extra  )1(U  models:
( )
ρ ′
−=→+−
1
4 2
2
22
W
LLLLgauge M
sgZZWWM , (30a)
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SB 



−
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( ) ( ) 222
2
22
2
11
2
1
4
B
M
M
Mu
u
M
sgZZWWM
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
−
−=→
−
+− ,        (30d)
with
( ),sincosseccos
18
25
seccos
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16sectancos
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sec2sin
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For the low energy case, with 2 0
3H
Ms < <  and 2, ±< < HMtu , we find,
0≈++ uSB
t
SB
s
SB MMM ,
and with 1≈′ρ
2
0
24 υ
s
M
gsM
W
gauge == ,
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implying the validity of the low energy theorems [2,3]. On the other hand, for the high energy 
case,  with  2 0
3H
Ms > >  and  2, ±> > HMtu ,  the  sum  of  the  amplitudes, 
u
SB
t
SB
s
SBgauge MMMM +++  vanish (as required by unitarity),  if  the following condition is 
satisfied,
2
2
2
2
2
2
1
22
Z
Z
M
M
BA =+ . (31)
Again  22A ,  
2
2B  involve too many parameters and as such Eq. (31) does not lead to useful 
constraints. For the special case of  0≈Eθ ,  υυ ,> >x ,  03HH MM < <±  and neglecting gauge 
kinetic mixing effect, it gives constraint on x in the form of relation,
( )[ ]193.4199.0287.11 212210 −−≤ CCx Hλυ , (32)
The upper bounds on x in are given in Table I and do not differ significantly amongst the four 
extra  )1(U  models. This may or may not lead to acceptable  2Z  mass that may satisfy the 
phenomenological constraints arising out of flavor changing neutral currents (FCNC) due to 
presence of other parameters like υυ , . 
Likewise for the processes  iLiLLL ZZWW →
+− ,  iLLiLL ZWZW
±± →  (i  = 1,  2), we have 
verified that for the high energy case we do not arrive at a transparent picture regarding the 
unitarity bound as in the above case of LLLL ZZWW 22→
+− . As such we lare led to believe that 
the low energy framework [1,10] for investigating unitarity.  Bu the latter method in extra 
U(1)  models  will  involve  calculations  of  amplitudes  of  very  large  number  of  processes 
including supersymmetric ones, and the framework will become almost unwieldy to arrive at 
a sensible unitarity constraint limit. We have therefore attempted to make use of an elegant 
and relatively much less cumbersome method due to Durand & Lopez [14] which they have 
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used in the case of flipped SU(5)×U(1) superstring GUT modelc. This method is suitable for 
the  case  of  supersymmetric  GUT  model  for  testing  unitarity  and  to  extract  limits  on 
superpotential couplings there from. In the next section, we have made use of method [14] in 
the case of extra )1(U  models under discussion.
III. SUPERPOTENTIAL, QUARTIC SCALAR COUPLINGS
AND SCATTERING AMPLITUDES
The method of Ref.  [14]  consists  of (i)  setting  all  parameters  to  zero that  cannot 
contribute to the high energy limit of the tree-level scattering amplitudes, and thereby can not 
contribute  to  potential  violations  of  unitarity,  thus setting  to  zero all  soft  supersymmetry 
breaking  terms,  (ii)  calculate  only  quartic  scalar  interactions  using  the  Goldstone  boson 
equivalence  theorem  [2,  31]  thus  neglecting  all  gauge  couplings.  (iii)As  fermionic 
interactions in supersymmetric theories lead as expected to the same unitarity bounds as the 
scalar interactions [32] and need not be calculated separately,  (iv) obtain the high energy 
unitarity constraints and regard them holding at the Grand unified scale GM , and finally, (v) 
evolve the constraints at low energy using the appropriate renormalization group equations, 
thus obtaining in general  much stronger constraints  on the parameters  of the low energy 
models. In the following, we use the aforesaid method for ascertaining unitarity bounds in 
specific 6E  extra )1(U  models under consideration.
We  make  use  of  the  following  6E  superpotential  (common  forχ,ψ,η and  ν 
models)for energies between GM  and ZM  [15,25,26] 
HHNHqbDNDqHtW H
c
b
c
D
c
t λλλλ +++= (33)
c The use of this method for non-supersymmetric GUT models is not ruled out [14].
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where s'λ  denote various couplings, and 



=
b
t
q  for the third generation of quarks. Using 
the procedure of Ref. [14], we obtain the following expression for quartic potential, quarticV :
( ) ( ) ( ) ( )
( )
2
3
2
3
2
21
0
2
0
1
2
31
2
32
2
3
0
1
2
3
0
2
20
21
20
2
2
2
0
1
20
1
D
DDDbt
tbbtbb
tbttbbV
D
c
D
c
DHH
c
t
H
c
tH
c
tH
c
t
c
t
c
btt
c
bbquartic
φλ
φλλφφφφλφφλλ
φφλλφφλλφφλλ
φλφλφλφλφλφλ
+++−++
++++++
+−++−+=
+−−
+
−+
(34)
In order  to rewrite  quarticV  in  terms of a set  of  charged and neutral  fields,  which are  the 
physical fields in the absence of mixing, i.e. at high energy, we re-define the fields by making 
use of equivalence theorem [31] as follows
( )02011 Re φφ +=H , ( )02012 Im φφ +=H , 33 Re2 φ=H ,
( )01020 Re φφ −=H , ( )2 21
±±
± +
=
φφH , (35)
with the Goldstone bosons,
( )0102Im φφ −=Z , 3Im2 φ=′Z ,
( )
2
12
−−
−
−
=
φφW , ( )
2
12
++
+ −
=
φφW . (36)
This gives
( ) ( ) ( ) ( ) ( )
( ) ( ),,,
,
,,
,
HDHDHtHt
HbHbHHttDDbbquartic
VV
VVVVVV
λλλλ
λλλλλλ
+
+++++=
(37)
with
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( ) [ ( )
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2
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2
0
2
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−+
−+
−+
++−−
++−−+++
+−−+++=
ttbbbbWHWHWW
HHZHHHZHHHbb
ZHHHZHHHbbV
ccc
cc
b
bb
λλ
(38a)
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222
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+++++++
++++++=
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tt
λλ
(38b)
( ) ,2
−−++= DDDDV
cc
DDD λλ (38c)
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(38d) 
( ) ( ) [
( ) ]
( )[ ] ,
2
,,
33
01332
23130,


′+′++
+′+′++
+′−′−+

=
++++
+
+
−+
ZWZHiHWHHtb
ZHZHZHHHi
ZZZHHHHHbbV
c
c
HbHbHb λλλλ
(38e)
( ) ( ) [
( ) ]
( )[ ] ,
2
,,
33
01332
23130,


′
−
′+−
+′−′+−
+′+′−+

−=
−−−−
−−
+−
ZWZHiHWHHbt
ZHZHZHHHi
ZZZHHHHHttV
c
c
HtHtHt λλλλ
(38f)
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( ) ( ) [[
( ) ] ] ,2
222
2
2
,,
010
22
2
2
1
2
0,
ZHHHi
WHWHWW
HHZHHHDDV cHDHDHD
−
+−−
+−+−+−=
−++−−+
−+
+−
λλλλ
(38g)
In order to calculate the coupled channels scattering matrix for two body scattering 
process involving scalar particles in the extra )1(U  models, we follow the calculational steps 
of Durand and Lopez [14] outlined in the beginning of this  section III.  We use only the 
quarticV  parts  given by Eqs.  (38a)-(38g).  Furthermore,  we use properly normalized  j  = 0, 
partial wave amplitudes. The scattering matrix for the coupled channel breaks into four such 
matrices labeled 1T , 2T , 3T , 4T  with the following channels:
210201
332211001
,,,,,,,,,
,,,,,,,,,:
HHZHDDttttbbbbZHHHHW
HWHHHHHHHHHHZZZZWWT
ccccc
+−−+−+−+−+
−+
+−+−+−
′′
(39a)
ZZZHZHHHZHHHHHttbbT cc ′′′+−−+ ,,,,,,,,: 3232131302 (39b)
ZWZHHWHHbtT c ′′ −−−−
−−
,,,,: 333 (39c)
ZWZHHWHHtbT c ′++++++ ,,,,: 334 (39d)
These matrices are shown respectively in Table II, III, IV and V with the entries in the order 
of the channel label given in Eqs. (39a)-39(d).
IV. ANALYSIS AND UNITARITY CONSTRAINTS
We now impose the unitarity constraint [14] that the largest eigenvalue of the coupled 
channel  scattering  matrix  must  be  less  than  unity  in  magnitude.  This  determines  a  four 
dimensional parametric space of the parameters  DHbt λλλλ ,,,  and leads to the maximum 
unitarity constraints on the following quartic scalar superpotential couplings at GUT scale 
(Fig. 4):
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574.5)(;574.5)( .)(max.)(max == GbGt MM λλ (40a)
.545.3)(;011.3)( .)(max.)(max == GDGH MM λλ (40b)
These bounds remain unchanged in the case of four extra )1(U  models.
We have shown in Fig. 4 the projection of allowed region onto the subspace of scalar 
superpotential couplings  DHt λλλ ,,  for 0=bλ  for the energy range GZ MsM << . The 
thin lines sketched in the Fig. 4 are on the unitarity surface, which has the largest eigen value 
equals to unity. The parameters ,t Dλ λ  are not coupled in the quartic potential, Eqs. (38) and 
therefore  the  unitarity  boundary  plane  is  a  rectangle  for  0b Hλ λ= = .  The  bλ , tλ  have 
identical  values  since  the  superpotential  given  by  Eq.  (33)  is  symmetric  under  the 
transformation  bt λλ ↔ ,  tb ↔ ,  and  HH ↔ .  It  is  interesting  to  note  that  for  0bλ ≠  (
0tλ = ), the unitarity surface remains unaltered and will appear identical to that shown in Fig. 
4. Further, these bounds enable us to estimate the upper bounds on the Yukawa couplings at 
weak scale ( ZM ) in each 6E  models (neglecting kinetic mixing) with the flow of RGE. 
The bounds on  tλ ,  Hλ  at weak scale are of special  interest since they lead to the 
upper  bounds on top quark mass  and lightest  neutral  scalar  Higgs mass  (as discussed in 
Section V).  Therefore, to obtain the bounds on the low energy parameters, we evolve the 
relevant RGE for scalar superpotential couplings ( s'λ ) and gauge couplings from GUT scale 
( GM ) to weak scale ( ZM ). This is consistent with our motivation of exploring the physics of 
extra )1(U  models at the scale ZM . 
The one loop RGE for the gauge couplings of the )1()1()2()3( ′××× UUSUSU YLC  
superstring inspired 6E  extra )1(U model are [15,16,25,26] ( )Eagaa ,3,2,1;4/2 == piα ,
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2
aa
a b
dt
d
α
α
= , ⇒  3
8 a
aa gb
dt
dg
pi
= , (41)
where 



=
ZM
st ln
2
1
pi
. The analytical solutions for the gauge couplings are 



−
=
tg
gtg
a
b
a
a a )0(1
)0()( 2
4
2
2
pi
, (42)
where 256.5== Gtt  at GMs = . At unification scale, one should expect the equality of the 
gauge couplings (universality of g's) i.e.
 218.1)()()()( 31 ==== GEGGzG tgtgtgtg , (43)
where GeVM G
16102 ×≈ .
The  RGE  of  superpotential  couplings  DHbt λλλλ ,,,  evolve  according  to  the 
following equations [11,15,25,26]
{ }


′+′+′−−−−++= 2221
22
1
2
2
2
3
222 2
15
133
3
166
8 uQEHbt
tt QQQgggg
dt
d λλλ
pi
λλ
, (44a)
{ }


′+′+′−−−−++= 2222
22
1
2
2
2
3
222 2
15
73
3
166
8 dQEHbt
bb QQQgggg
dt
d λλλ
pi
λλ
, (44b)
{ }


′+′+′−−−+++= 222
2
1
22
1
2
2
2222 2
5
333433
8 NEDHbt
HH QQQggg
dt
d λλλλ
pi
λλ
, (44c)
{ }


′+′+′−−−+= 222221
2
3
22 2
15
4
3
1652
8 CDDNEDH
DD QQQggg
dt
d λλ
pi
λλ
. (44d)
The renormalized quantum numbers of chiral supermultiplets corresponding to extra  (1)U  
groups  are  listed  in  Table  VI.  The  one-loop  beta  functions  involved  in  RGEs  of  gauge 
couplings for 6E - χ , ψ , η  and ν  models are used from reference [17]. This enables us to 
obtained values of the gauge couplings at weak scale. These are given in Table VII. 
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In order to obtain the unitarity constraints on the Yukawa couplings at weak scale, we 
evolved the region given in Fig. 4 from GUT scale to weak scale with the use of RGEs of 
Yukawa couplings and gauge couplings. The obtained bounds on Yukawa couplings at weak 
scale are listed in Table VII for extra (1)U  models.  It is interesting to notice that the unitarity 
bounds on DHbt ,,,λ  are in the good vicinity of each other in the 27 representation of χ , ψ , η  
and ν  models and are different for )16(χ  due to the appreciable difference in the values of its 
beta functions with respect to those of others. 
For  the  particular  case  of  6E -η model  )64.9( =Eβ ,  the  unitarity  surface  of  Yukawa 
couplings  )( ,, DHtλ  at  weak scale  as  shown in Fig.  5.  The flows of  Yukawa couplings  is 
obtained for the various sets of Yukawa couplings from the unitarity surface at GUT scale. 
We have checked that the behavior of the Yukawa couplings at weak scale for the χ , ψ , and 
ν  models are found almost identical with those of η  model. This is reflected from Table VII. 
At weak scale, the bound on a particular coupling is also obtained by setting other Yukawa 
couplings ( s'λ ) to zero in the corresponding RGEs given in Eqs. (44) [11], where we utilize 
the concept of critical couplings.
For the non-zero value of  bλ  ( 0=tλ ), the bounds on  (max.)bλ  are very close to the 
bounds on  (max.)tλ  at  weak scale.  It  follows from the  fact  that  the renormalization  group 
Equations  (44a),  (44b) differ  only in  Q ′  contribution which is  almost  negligible  and the 
values of (max.)tλ  and (max.)bλ  at GM  are equal.
The projections of unitarity surface of ,t Hλ λ  at GM  and ZM  are shown in Fig. 6(a) 
and  Figs.  6(b)-6(f)  for  the  6E -  )16(χ ,  )27(χ ,  ψ ,  η  and  ν  models  respectively.  For 
0)(,0)( == GDGb MM λλ , the unitary bounded region is shown by the curve (i) at both GM  
22
and  ZM  scale,  which is further reduced for the non-zero value of  bλ  at GUT, i.e.  when 
)()( GtGb MM λλ = , and thus the effect of the evolutions in the ,t Hλ λ  plane are shown by the 
curve (ii). These two curves are connected by the evolution of RGEs from GUT scale to weak 
scale.  The  obtained  bounds  on  tλ  and  Hλ  in  6E  models  under  these  conditions  are 
parameterized by tλ ′  and Hλ ′   in Table VIII.
Apart from working out the flows of various couplings [14], it is interesting to solve 
Eqs. (44) analytically for a particular  ( , , , )i i t b H Dλ =  with all the other  ' sλ  being put to 
zero. One finds a singular point in the solution beyond which the corresponding coupling 
diverges at GM . The Eqs. (44) may be written as:


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22 )()(
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, (45)
and will have the solution [11, 14]
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   
=    
 for Ea 3,2,1=  and , , ,i t b H D= .
23
Here )0(iλ  denotes the values iλ  at 0=t  i.e. at ZMs =  and 2, (0)a ab g  are already given 
in Table VII. The couplings ( )i tλ diverge at GMs = , if
2
1
)(
4)0(. 


===
Giii
ici tG
t
κ
piλλ . (48)
ci,λ  in this case are called critical couplings and are related to the triviality of the scalar field 
theories  [11].  Following the procedure given in  reference [11,  14],  we obtain the critical 
bounds for  , , ,i t b H D=  for the extra  )1(U  models and these are given in Table IX. We 
notice that these values are fairly close to the corresponding unitarity bounds given in Table 
VII at the weak scale. This implies that one cannot violate the low energy unitarity without at  
the  same  time  having  the  coupling  diverge  for  GMs ≤ ,  and  thereby  forbidding 
perturbative treatment for the grand unified model contrary to the expectation of such a 
treatment for the very existence of such models. 
V. BOUNDS ON PHYSICAL MASSES
The bounds on the top quark and lightest neutral Higgs boson mass in the extra U(1) 
models are obtained as follows:
A. Bounds on top quark mass
The top quark mass is given by the following relation
0 sint t tm λ υ λ υ β= = . (49a)
 This implies that 
.max.)(max υλ ttm ≤ , (49b)
which gives the absolute upper bounds on its mass and are given in Table X. These clearly 
show that in the models with 27 representations, the bounds are very close to each other than 
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that of the 16 representation. Here the upper bound on tλ at the weak scale ( )ZM  is obtained 
from curve “(i)” in Figs. 6(b)-6(f) when all other couplings are put to zero. In each model, the 
upper bound on top quark mass is independent of the value of 
υ
υβ =tan  and is fairly close to 
the observed experimental value.
The problem of the pronounced difference between the top and bottom quark mass 
can be understood either by the large difference in the Yukawa couplings ,t bλ λ  with υ υ≈  
or to a similar difference between the VEVs  ,υ υ  with  t bλ λ≈ . The first possibility is not 
possible according to the theoretical prejudices in string theory. The latter possibility is more 
appealing and viable by requiring the t bλ λ≈  at higher energies i.e. at GUT scale. With this 
choice, the value of  (max.)tλ  is reduced by ~7% at weak scale, which further strengthens the 
bounds on top quark mass listed in Table X.
The  bottom-quark  mass  is  determined  using  (max.)b b bm λ υ λ υ= ≤ ,  where
(max.) 1.278bλ =  for  the  η  case.  Thus,  one  can  have  (min.)
(max.)
3.497b
b
m GeVυ
λ
≥ =  for 
4.5bm GeV= .  This  gives 2 20 173.96 GeVυ υ υ= − ≅ ,  which does  not  effect  substantially 
the result for tm  as given by Eq. (49). Almost identical conclusions follow for the other 6E
models.
B. Bounds on tan β
The bounds on tan β  may also be obtained with the use of derived unitarity bounds on (max.)tλ  
and (max.)bλ  at weak scale ( given in Table VII), by making use of the following relations [14]:
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2
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2
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b
m
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υ
υβ . (51)
The upper bounds on tan β  corresponding to the top quark masses [33-35] are listed in Table 
XI for the two cases: (i)  ( ) 0b GMλ =  and (ii)  ( )t b GMλ λ= . These reveal that  tan β  should 
not be greater than one in the case of four extra )1(U  superstring inspired 6E  models except 
for the case of )16(χ .  The Eq. (51) leads to the lower bounds on tan β  in accordance with 
the presently known value of bottom quark mass )( bm  and are given in Table XII.
C. Bounds on lightest neutral Higgs boson mass
To estimate the upper bound on lightest neutral CP-even Higgs mass in the extra U(1) 
models, we make use of the following relation, due to Drees  [36]
( )0
2
2 22( ) 2 2 2 2 2 2 2
0cos 2 sin 2 4sin cos18
tree
Z HH
gm M β υ λ β β β′ ≤ + + +   , (52)
which holds good in the limit 2 2 2x υ υ> > > > . But Drees [37] has pointed out that the above 
relation gets modified due to the maximum one loop radiative contribution from top-"s-top" 
system to the Higgs mass through the relation [38] 
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2 2
1 2 2 2 2 2
16 31 ln
9 2 cos sin
t t
loop Z
Z W W Z t
mmgM
g M m
α
pi θ θ
 ′∆ = + +  
% (53)
where 3 15g g′ =  and 
2 2
2Zg g g ′= + .
Thus, finally the modified Higgs mass relation comes as
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0 0
2 2
2 2( ) 2
1
tree
loopH H
m m≤ + ∆ . (54)
We use our results obtained so far from the unitarity constraints on ,t Hλ λ  to determine the
0
2H
m , where the maximum value of tan β  is given by Eq. (50). The Eq. (54) illustrates that 
the bounds on lightest CP-even Higgs mass beyond SM increases due to 4tm  enhancement of 
one-loop radiative correction considering minimal/negligible top-"s-top" mixing.
Thus  the  upper  bounds  on  treeHm 02  (at  tree  level)  and  02Hm  (inclusion  of  "s-top" 
contributions) for the recent measurements of top quark mass [33-35] are show in Table V, 
when both top and bottom quark couplings are completely independent of each other at GUT 
scale. These bounds are further reduced by less than 1% on assuming the equality of tλ  and 
bλ  at GUT.
D. Bounds on D-quark mass
It is also possible to estimate the bounds on additional charge (-1/3) colour triplet 
particle  D of  spin  ½,  exclusively  present  in  extra  )1(U  models,  which  make  use  of 
compactifications on a Calabi-Yau manifold [39]. The mass of D-quark is given by
xNm DDD λλ ≅≅ 00 . (55)
This implies that the mass of D-quark is completely independent of those of ordinary quark 
and leptons the latter being proportional not only to different Yukawa couplings but also to 
different VEVs. The precise bound on D-quark mass cannot be obtained because (i) there is 
still no precise observation of correct electroweak breaking scale for which the singlet VEV 
i.e. x is responsible and (ii) there is no upper bounds on Z ′  mass, which is also related to the 
singlet VEV i.e.  00 Nx ≅ . Since, if upper bound on Z ′  mass is found then the same on x 
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can be obtained for the favored values of tan β  i.e. 1≤  of these models. This may then lead 
to a bound on the mass of  D-quark. Latter  issue seems more feasible and thus should be 
explored in future colliders, namely, at LHC [40] and LEP [41]. A success in this attempt 
could decisively be a milestone in the understanding of electroweak breaking scale as also a 
good deal of new physics beyond the standard model including the physics of Z ′ .
We have calculated plausible  range of  D-quark mass on varying  2Z  mass for the 
favored value of tan β  in the extra )1(U  model with the use of following relations:
xm DD .)(max.)(max λ≅ , (56)
where x, the VEV of singlet, and is given by [11, 25]
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Keeping in view the possibility of the detection of Z ′  at future Colliders [42], the possible 
values of the ratio 


υ
x
 are shown in Fig. 7(a) for various 2ZM  masses within the limit on 
tan β  in this model. This may enables us to ascertain the value of singlet VEV i.e. x along 
with the use of GeV1740 ≅≈ υυ . With )(.)(max ZD Mλ  = 1.312, Fig. 7(b) shows the variation 
of D-quark mass with respect to 2ZM . But since no upper bounds are available on 2ZM , it is 
not possible to prescribe upper bound on  D-quark mass. However, in order to have some 
order of magnitude idea, and keeping in view of the present day experimental situation [42] 
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we have taken 2ZM  to be the order of 1 TeV, which leads to the D-quark mass to be the order 
of 3 TeV [25].
VI. DISCUSSIONS
In order to look for the viability of extra )1(U  superstring inspired model and those of 
other  6E  group emanated  ones  for  doing  physics  beyond  SM,  we have  investigated  the 
unitarity aspects of these models in detail. For this purpose we have primarily made use of 
the method due to Durand and Lopez [14] which they have used for flipped  )1()5( USU ×  
superstring  inspired  GUT model.  This  investigation  provides  constraints  on  various  SM 
parameters at weak scale. The variations in the values of different parameters for the  6E - 
)27(χ , ψ , η  and ν  models are negligible except for the case of )16(χ , which occurs due to 
the  significant  difference  in  the  one-loop  beta  functions  with  respect  to  those  with  27 
representations. One of the limitations of our work is that for the sake of simplicity, we have 
not considered the effect of gauge kinetic mixing in these calculations. But this aspect can be 
explored with more generalization which could further lead not only to "new physics' but in 
addition may decide the survival of leptophobic modelsd and their usefulness in low energy 
physics.  An interesting outcome of our study is  that  the masses  of the additional  neutral 
gauge  boson  Z ′  and  D-quark  are  dependent  on  each  other.  D-quark  may  decay  into  a 
leptoquark or a di-quark [44]. Theoretical  calculations about the production of leptoquark 
with a exchange of 'Z  in a −+ ee  collision at TESLA energies are under progress which may 
reveal a rich source of new physics for the ongoing future colliders.
d To enrich the strong base of leptophobic models, a number of authors [23, 43] have postulated that a possible 
excess of bbZ →  events at CERN −+ ee  collider LEP would be accounted for by the mixing between the Z  and 
leptophobic (hadrophilic)  Z ′ .  However,  from LEP & ALEPH, this probability is  this excess is found more 
weakened.
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In Table XIV, we have compared our results  of extra  )1(U  models with those of 
flipped  )1()5( USU ×  model of Durand and Lopez [14]. We sih to point out that although the 
flipped  )1()5( USU ×  superstring inspired model have several merits as pointed out by the 
Durand and Lopez [39] yet  the model doesn’t have extra  'Z  and D- quark which occurs 
naturally in the extra )1(U  models considered by us. As such the physics aspect considered 
by us with the inclusion of Z ′ , was not addressed by Durand and Lopez [14]. Further, It is 
worth mentioning that a thorough and rigorous investigation about the S,T, U parameters 
inclusive  of  triple  gauge  bosons  vertices  contributions  has  been  done  in  the  extra  )1(U  
superstring inspired model i.e. η  model by us [12], which leads to the negative values of the 
parameters S, T and  U. The results obtained by us are in good agreement with experimental 
signatures. This provides a sound basis for inclusion of the extra )1(U - η  model as one of the 
candidates  for  doing  physics  beyond  SM.  We  are,  however,  not  aware  of  any  similar 
calculation done in the context of flipped )1()5( USU ×  model.
Finally, one may like to speculate as to how the unitarity issue in this model would be 
different if the supersymmetry is absent? It has been pointed out by the Durand and Lopez 
[14] and others [32] that the fermionic interaction in theories which are supersymmetric at 
high energies lead to the same high energy unitarity constraints as scalar interactions. This, 
therefore,  makes  it  unnecessary  to  include  considerations  of  fermionic  interactions 
calculations in such theories. But such a situation would not exist  in non-supersymmetric 
theories, implying thereby the inclusion of fermionic interactions calculations in the latter 
case at high energies. Such an inclusion will obviously complicate the calculations as also the 
derivations of unitarity constraints.In order to ascertain whether one gets a finite unitarity 
bound in the case, we are now doing detailed calculations of the same and will report the 
outcome as soon as the calculation is complete. 
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APPENDIX
In Section II, we have used various modified couplings [9, 10] in calculating the amplitudes 
for  the  processes  LLLL ZZWW 11→
−+ ,  LLLL ZZWW 22→
−+ ,  LLLL ZZWW 21→
−+ ,  and 
iLiLiLiL ZWZW
±± →  (i =1,2). The modified couplings are summarized below:
 (i) 0311 HZZ : 
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(iii) 03HWW LL
−+ : ( )2313 sincos UUMg WL ββ + ,
(iv) 1ZHW
± : ( ) χθβθ cossin2sinsin2465 12
1
E
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(v) (v) 2ZHW
± : ( ) χθβθ coscos2sinsin2465 12
1
E
WZWF CMMG .
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TABLE CAPTIONS
Table I: The calculated unitarity constrained on  x for the process  LLLL ZZWW 22→
−+  in 
6E  models, using Low energy theorems.
Table II: The  matrix  T1  with
2
4
i
iT
λ
pi
= ,  where , , ,i H t b D= .  The  matrix  is  symmetric 
Hermitian.
Table III: The matrix T2 with notations identical as in Table II.
Table IV: The matrix T3 with notations identical as in Table II.
Table V: The matrix T4 with notations identical as in Table II.
Table VI: The  normalized  )1( ′U  charge,  EQ ′ ,  of  all  the  matter  fields  in  the  27 
representation  for  the  χ ,  ψ ,  η ,  ν  6E  models  with  the  normalization 
EE QQ 5/3=′ , where EQ  is unrenormalized charge.
Table VII: The unitary bounds obtained on the superpotential couplings at weak scale in the 
6E  extra  )1(U  models, when the contribution of  bλ  at GUT scale is taken to 
the zero i.e. t bλ λ≠  at GUT scale.
Table VIII: The  bounds  on  tλ , bλ  at  weak  scale  in  6E  extra  )1(U  models,   with  the 
assumption t bλ λ=  at GUT scale. 
Table IX: Critical bounds on the couplings at the weak scale using analytical solution.
Table X: The  estimated  upper  bounds  on  top  quark  in  6E  extra  )1(U  models  using 
unitarity constraint on tλ  for the cases t bλ λ≠  and t bλ λ=  at GUT scale.
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Table XI: The  upper  bounds  on  tan β  calculated  in  6E  extra  )1(U  models  for  the 
presently known experimental values of on top quark mass.
Table XII: Lower bounds on tan β  for the 6E  extra )1(U  models for GeVmb 5.4= .
Table XIII: Theoretical  bounds  on  lightest  neutral  scalar  Higgs  mass  in  6E  extra  )1(U  
models pertaining to the measured value of top quark mass at CDF and D∅. The 
bounds listed in first row correspond for the case bt λλ ≠  and in second row for 
bt λλ =  at GUT respectively.
Table XIV: A  comparison  between  the  extra  )1(U  models  with  those  of  flipped 
)1()5( USU ×  model for the bounds on various parameters obtained through our 
analysis for the case bt λλ ≠  at GUT.
39
FIGURE CAPTIONS
Fig. 1(a,b,c): Tree level Feynman diagrams contributing to gaugeM  part of the amplitude for 
the process L L L LW W Z Z
+ − → .
Fig. 2: s-  channel  tree  level  Feynman  diagram  contributing  to  SBM  part  of  the 
amplitude for the process L L L LW W Z Z
+ − → .
Fig. 3(a,b): t- channel and u- channel Feynman diagrams contributing to SBM  part of the 
amplitude  for  the  process  L L iL jLW W Z Z
+ − →  ( , 1, 2i j = )  in  the  extra  )1(U  
superstring inspired model.
Fig. 4: The unitarity surface in the subspace of the scalar superpotential  couplings 
, ,t H Dλ λ λ  for 0bλ =  for the energy range Z GM s M< < ≤ .
Fig. 5: The unitarity surface of Yukawa couplings at weak scale ( ZM ) obtained by 
evolving the surface at ( GM ) shown in Fig. 4 from GUT scale to weak scale 
for the case of 6E -η  model )64.9( ≅Eβ .
Fig. 6: (a) The projection of unitarity boundaries are shown in the plane ,t Hλ λ  plane 
at GUT scale. This leads to unitarity constrained region of Yukawa couplings 
at weak scale are shown in (b) )16(χ  )023.6( ≅Eβ , (c) )27(χ , )023.9( ≅Eβ , 
(d) ψ  )028.9( ≅Eβ , (e) η  )64.9( ≅Eβ  and (f) ν  )9.9( ≅Eβ  6E  models. The 
effect of evolution for  t bλ λ≠ ( 0bλ = ) and  t bλ λ=  are represented by curve 
“(i)” and curve “(ii)” respectively.
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Fig. 7(a): The possible values of υx  for the favored values of βtan  of 6E  extra  )1(U  
models for various 2Z  masses.
Fig. 7(b): A plausible range for D-quark mass against for various 2ZM .
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Table I
6E
θ  (Model)  0 ( χ )  2pi  (ψ )  )3/5(tan 1 −−  (η ) )15(tan 1 −−  (ν )
x GeV2040≤ GeV2040≤ GeV2883≤ GeV2607≤
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Table III




















−−
−−
−−
−−
−−
−−
−
−−+
−+
0000000022
00000000
00000000
00000000
00000000
00000000
00000000
00000000
2
2
22
22
22
22
22
22
22
2222222
2222222
HtHb
TTTT
TTTT
TTTT
TTTT
TTTT
TTTT
TTTT
Ht
TTTTTTTTTTTTTT
HtHtHb
Hb
TTTTTTTTTTTTTT
HtHbHb
TTTT
TTTTTTTT
TTTTTTTT
HtHb
HtHb
HtHb
HtHb
HtHb
HtHb
HtHb
HtHtHtHtHtHtHt
HbHbHbHbHbHbHb
ιι
ι
ι
ιι
ιι
ιι
ιι
ιιιι
ιιιι
Table IV












−
−
−−
00002
0000
0000
0000
20
2
2
2
222
HD
TT
TT
TT
HD
TTTTTT
TT
TT
tH
tH
tH
tHtHtH
ι
ι
ι
ι
Table V












−
−
00002
0000
0000
0000
20
2
2
2
222
HD
TT
TT
TT
HD
TTTTTT
TT
TT
Hb
Hb
Hb
HbHbHb
ι
ι
ι
ι
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Table VI
SO(10) SU(5) Fields χQ62 χQ ′ ψQ5/72 ψQ ′ ηQ ηQ ′ νQ νQ ′
16 10 Q -1 1021− +1 621 -1/3 - 15/1 24/1 1021
cu -1 1021− +1 621 -1/3 - 15/1 24/1 1021
ce -1 1021− +1 621 -1/3 - 15/1 24/1 1021
5 L +3 1023 +1 621 +1/6 1521 6/1 101
cd +3 1023 +1 621 +1/6 1521 6/1 101
1 cν -5 1025 +1 621 -5/6 - 325 0 0
10 5 uH +2 101 -2 - 61 +2/3 152 - 6/1 - 101
D +2 101 -2 - 61 +2/3 152 - 6/1 - 101
5 dH -2 - 101 -2 - 61 +1/6 1521 - 8/3 - 1023
D -2 - 101 -2 - 61 +1/6 1521 - 8/3 - 1023
1 1 S 0 0 4 62 -5/6 - 325 24/25 3855
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Table VII
6E 1b 2b 3b Eb 1g 2g 3g Eg tλ bλ Hλ Dλ
)16(χ 6.6 1 -3 

01.6
023.6
0.540 0.957 1.350 

0.5601
0.5596
1.466 1.464 1.057 1.392
)27(χ 9.6 4 0 

01.9
023.9
0.462 0.653 1.218 

0.4744
0.4742
1.292 1.282 0.929 1.293
ψ 9.6 4 0



− 028.9
028.9
007.9
0.462 0.653 1.218



0.4740
0.4740
0.4745
1.290 1.284 0.975 1.326
η 9.6 4 0 

64.9
04.9
0.462 0.652 1.218 

0.4610
0.4738


1.294
1.295


1.278
1.274


0.955
0.957


1.312
1.314
ν 9.6 4 0 

9.9
24.9
0.462 0.653 1.218 

0.4557
0.4694


1.286
1.287


1.286
1.287


0.968
0.971


1.321
1.323
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Table VIII
6E tλ ′ bλ ′
)16(χ 1.353 1.355
)27(χ 1.197 1.196
ψ 1.196 1.187
η 1.202 1.180
ν 1.191 1.191
Table IX
6E 1b 2b 3b Eb 1g 2g 3g Eg ct ,λ cb,λ cH ,λ cD,λ
)16(χ 6.6 1 -3 

01.6
023.6
0.540 0.957 1.350 

0.5601
0.5596
1.481 1.480 1.071 1.423
)27(χ 9.6 4 0 

01.9
023.9
0.462 0.653 1.218 

0.4744
0.4742
1.292 1.288 0.944 1.295
ψ 9.6 4 0



− 028.9
028.9
007.9
0.462 0.653 1.218



0.4740
0.4740
0.4745
1.291 1.284 0.961 1.328
η 9.6 4 0 

64.9
04.9
0.462 0.652 1.218 

0.4610
0.4738


1.295
1.295


1.279
1.279


0.968
0.970


1.315
1.316
ν 9.6 4 0 

9.9
24.9
0.462 0.653 1.218 

0.4557
0.4694


1.287
1.287


1.287
1.287


0.980
0.983


1.323
1.325
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Table X
Estimated
when bt λλ ≠  at GUT when bt λλ =  at GUT
)16(χ )27(χ ψ η ν )16(χ )27(χ ψ η ν
tm  (GeV) 255 225 224 225 224 235 208 208 209 207
Table XI
tm  (GeV) βtan , when bt λλ ≠  at GUT βtan , when bt λλ =  at GUT
)16(χ )27(χ ψ η ν )16(χ )27(χ ψ η ν
167.4±11.4 [CDF (Di-l)] 1.150 0.896 0.893 0.901 0.889 0.989 0.740 0.736 0.749 0.730
168.4±12.8 [D∅ (Di- l)] 1.138 0.884 0.881 0.889 0.877 0.976 0.728 0.726 0.737 0.717
176.1±7.3 [CDF (l+j)] 1.048 0.794 0.790 0.798 0.786 0.887 0.632 0.630 0.641 0.620
180.1±5.3 [D∅ (l+j)] 1.003 0.747 0.744 0.752 0.739 0.842 0.581 0.579 0.590 0.570
186±11.5 [D∅ (All jets)] 0.939 0.679 0.676 0.684 0.670 0.776 0.504 0.502 0.514 0.491
178±4.3 Average [Tevatron Run I] 1.026 0.771 0.768 0.776 0.763 0.886 0.608 0.606 0.617 0.596
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Table XII
bm  (GeV) βtan , when bt λλ ≠  at GUT βtan , when bt λλ =  at GUT
)16(χ )27(χ ψ η ν )16(χ )27(χ ψ η ν
4.5 0.018 0.020 0.020 0.020 0.020 0.019 0.021 0.021 0.022 0.022
Table XIII
tm  (GeV) )(0
2
GeVm tree
H  at tree level
)(0
2
GeVmH  after one-loop stop (2 TeV) contribution
)16(χ )27(χ ψ η ν )16(χ )27(χ ψ η ν
167.4±11.4 [CDF (Di-l)] 187
187
165
160
172
167
169
165
171
166
238
238
221
217
226
222
224
221
225
222
168.4±12.8 [D∅ (Di- l)] 187
187
164
159
172
166
169
164
171
166
239
239
221
217
227
222
224
221
226
222
176.1±7.3 [CDF (l+j)] 188
186
162
154
169
160
167
158
169
159
243
241
223
217
228
222
227
220
228
221
180.1±5.3 [D∅ (l+j)] 188
185
160
150
167
156
165
154
166
155
245
242
224
217
229
221
227
220
228
220
186±11.5 [D∅ (All jets)] 187
182
157
143
164
148
161
147
163
147
247
243
225
216
230
218
228
218
229
218
178±4.3 Average [Tevatron Run I] 188
186
161
152
168
158
169
159
167
157
244
242
223
217
229
221
229
222
228
220
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Table XIV
Models tλ bλ Hλ Dλ )(GeVmt )(02 GeVm
tree
H
GeVmH 02
6E - )16(χ 1.466 1.464 1.057 1.392 255 188 244
6E - )27(χ 1.292 1.282 0.929 1.293 225 161 223
6E -ψ 1.290 1.284 0.975 1.326 224 168 229
6E -η 

1.294
1.295


1.278
1.274


0.955
0.957


1.312
1.314 225 169 229
6E -ν 

1.286
1.287


1.286
1.287


0.968
0.971


1.321
1.323 224 167 228
flipped )1()5( USU × 1.286 1.277 0.921 - 224 158 221
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Fig. 1(a)
Fig. 1(b)
Fig. 1(c)
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Fig. 2
Fig. 3(a)
Fig. 3(b)
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